Atopic dermatitis (AD) is an inflammatory skin disease characterized by chronic recurrent dermatitis with severe pruritus. Abnormal immunity and impaired skin barrier function played important roles in the pathogenesis of AD.^\[[@R1]\]^ Aryl hydrocarbon receptor (AhR) is a transcription factor expressed in all cells types. It also emerged as a key transcription factor controlling many physiological processes including cell proliferation, apoptosis, differentiation, adhesion, and migration.^\[[@R2]\]^ It responds to exogenous and endogenous chemicals by inducing or repressing genes such as cytochrome P4501A1 (*CYP1A1*) with toxic or protective effects in a wide range of species and tissues.^\[[@R3]\]^ Some studies indicated that AhR expression appears to be aberrantly induced in some skin diseases, such as psoriasis and vitiligo.^\[[@R4]\]^ However, little was known about AhR expression in AD.

Methods
=======

Ethical approval
----------------

The study was approved by the Ethnic Committee of Peking University People\'s Hospital (No. 2018PHA033). The written informed consents were obtained from each subject.

Subjects
--------

Patients and controls were selected from the dermatology outpatient clinic of the Peking University People\'s Hospital from August 1 to December 31 in 2018. A total of 29 adult patients with AD were recruited. All the patients satisfied the criteria of Hanifin and Rajka^\[[@R5]\]^ and the Chinese criteria of AD.^\[[@R6]\]^ Exclusion criteria included treatment with systemic glucocorticoids or other immunosuppressive agents as well as local treatment with a glucocorticoid within the previous 6 weeks. All the AD patients received dermatologic examination and assessment of the severity. The severity of AD was determined by the eczema area and severity index (EASI) score. Subjects without allergic and chronic diseases were recruited as controls.

Measurement of AhR and its downstream regulators' mRNA in peripheral blood mononuclear cells (PBMCs)
----------------------------------------------------------------------------------------------------

Five milliliters of venous blood was obtained from all patients and controls under total aseptic technique in blood collection tubes containing dipotassium ethylenediamine tetra-acetic acid for serum and PBMCs separation. PBMCs were separated from peripheral blood by Ficoll Hypaque density gradient centrifugation.

Total RNA was extracted from PBMCs using RNA blood mini kit (Qiagen, Germany) according to the manufacturer\'s instructions. The concentration and purity of RNA were measured at 260 and 280 nm using NanoDrop2000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The integrality of RNA was observed by agarose gel electrophoresis. RNA was then reverse-transcribed with the Revert Aid First Strand complementary DNA (cDNA) Synthesis Kit (Reverse Transcription Kit, Tiangen, China). The reverse transcription mixture was incubated for 15 min at 42°C followed by 5 min at 95°C. The mRNA levels of AhR, CYP1A1, AhR repressor (AhRR), and AhR nuclear translocation (ARNT) were tested by real-time quantitative polymerase chain reaction (RQ-PCR). RQ-PCR was performed using the SYBR Green Dye method which was carried out using cDNAs supplemented with SYBR Green supermix (Bio-rad, Hercules, CA, USA). The PCR amplification used gene-specific primers for β-actin (forward, 5′-TGGCACCCAGCACAATGAA-3′; reverse, 5′-CTAAGTCATAGTCCGCCTAGAAGCA-3′), AhR (forward, 5′-ATACCGAAGACCGAGCTGAAT-3′; reverse, 5′-CCAGCAGACACCTTAGACGACT-3′), CYP1A1 (forward, 5′-GTCATCTGTGCCATTTGCTTTG-3′; reverse, 5′-CAACCACCTCCCCGAAATTATT-3′), AhRR (forward, 5′-AGGTTTGGTTGGCAGGACT-3′; reverse, 5′-CAACCACCTCCCCGAAATTATT-3′) and ARNT (forward, 5′-TCTGGAAACTCTGGACCTGGAA-3′; reverse, 5′-GGCAAACCGCTCCTTATCGT-3′). The PCR protocol consisted of a cycle at 95°C for 60 s followed by 40 cycles consisting of 15 s at 95°C, 15 s at 60°C, and 15 s at 72°C. The average Ct was calculated for the target genes and internal control (β-actin). ΔCt (Ct~target~ -- Ct~β-actin~) values were determined. The expression levels of target genes in AD patients was determined relative to controls as 2^−ΔΔCt^, where ΔΔCt = ΔCt (patient or control) -- ΔCt (average for controls). The results were converted into relative expression.

AhR and cytokines measurement
-----------------------------

Patients' sera were stocked at --80°C to measure cytokine levels and serum AhR. AhR, interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, IL-4, and IL-22 levels were analyzed by enzyme-linked immunosorbent assay (eBioscience, Germany) according to the manufacturer\'s instructions. Spontaneous release of the above cytokines was undetectable in both controls and AD patients.

Immunohistochemistry
--------------------

Punch biopsies of 5 mm were taken from the skin lesions of AD patients. Control biopsies were obtained from normal skin area of pigmented nevus surgeries excision. The biopsies were formalin-fixed and tissue slides were subjected to hematoxylin and eosin staining. Immunohistochemical stainings were performed by using formalin-fixed, paraffin-embedded specimens with mouse anti-human monoclonal anti-AhR (Abcam, Cambridge, MA, USA). Samples were incubated by overnight exposure in dilution 1:500. The secondary antibody was biotinylated rabbit anti-mouse IgG (Servicebio, China). An image analysis technique was employed for quantitative scoring of the stained slides. A color deconvolution technique was applied to separate the color mixture of hematoxylin. Image pro plus was used to obtain absorbance (*A*) of the AhR antibody.

Statistical analysis
--------------------

All the data were input using Epidata 3.1 software (The EpiData Association, <http://www.epidata.dk/>, Denmark) and analyzed by SPSS 22.0 (SPSS Inc., Chicago, IL, USA). Qualitative data were described using number and percent. Statistical significance was determined using an unpaired student *t* test to compare the expression of AhR and its downstream regulators in serum, PBMCs and skin lesions from patients with those of controls. Pearson correlation index was applied to describe the correlation between AhR, serum cytokines levels and EASI score. *P* \< 0.05 was considered statistically significant.

Results
=======

Subjects
--------

The mean age of AD patients was 48.7 ± 18.3 years including 11 women and 18 men. The mean age of controls for blood samples was 39.4 ± 14.4 years including ten women and seven men. Twenty-one biopsies were obtained from 17 patients with pigmented nevus with a mean age of 40.9 ± 10.6 years including eight women and nine men. No significant difference was found in demographical features between patients and controls.

Serum AhR levels and AhR mRNA expression in PBMCs
-------------------------------------------------

The expression levels of AhR and its downstream regulators in serum and PBMCs of AD patients and controls are shown in Figure [1](#F1){ref-type="fig"}. The mean serum AhR levels in AD patients were significantly higher than those of controls (41.26 ± 4.52 *vs.* 33.73 ± 2.49 pmol/L, *t* = 6.507, *P* \< 0.001). The mRNA levels of AhR (1.572 ± 0.392 *vs.* 1.000 ± 0.173, *t* = 6.819, *P* \< 0.001), AhRR (2.402 ± 1.716 *vs.* 1.000 ± 0.788, *t* = 3.722, *P* \< 0.001), and CYP1A1 (2.258 ± 1.598 *vs.* 1.000 ± 0.796, *t* = 3.400, *P* *=* 0.002) in PBMCs of AD patients were significantly higher compared with those of controls. The difference in mRNA levels of ARNT was not statistically significant between the patients and controls (1.383 ± 0.842 *vs.* 1.000 ± 0.586, *t* = 1.653, *P* *=* 0.105). AhR mRNA level in PBMCs was associated with disease severity of AD \[Figure [2](#F2){ref-type="fig"}A\] (*r* *=* 0.448, *P* *=* 0.019).

![AhR (A), CYP1A1 (B), AhRR (C), and ARNT (D) mRNA expression in PBMCs of 29 patients with atopic dermatitis and 17 controls. The mRNA was detected by real-time quantitative polymerase chain reaction and expressed as 2^−ΔΔCt^. ^∗^*P* \< 0.01. The results were converted into relative expression. AD: Atopic dermatitis; AhR: Aryl hydrocarbon receptor; CYP1A1: Cytochrome P450; ARNT: AhR nuclear translocation, AhRR: Aryl hydrocarbon receptor repressor.](cm9-133-148-g001){#F1}

![Correlation of AhR mRNA expression with EASI score (A, *r* *=* 0.448, *P* *=* 0.019) and serum IL-6 levels (B, *r* = 0.377, *P* = 0.046) in 29 AD patients. AhR: Aryl hydrocarbon receptor; EASI: Eczema area and severity index; IL: Interleukin.](cm9-133-148-g002){#F2}

Relationship between mRNA expression of AhR and its downstream regulators in PBMCs and cytokines in sera of AD patients
-----------------------------------------------------------------------------------------------------------------------

The relationship between mRNA expression of AhR, CYP1A1, AhRR, ARNT in PBMCs and serum cytokines are shown in Table [1](#T1){ref-type="table"}. A significant positive correlation was found between AhR mRNA in PBMCs and serum IL-6 levels in AD patients \[Figure [2](#F2){ref-type="fig"}B\] (*r* *=* 0.377, *P* *=* 0.046). Also, the expression of AhRR in PBMCs significantly correlated with serum IL-1β levels (*P* *=* 0.021, *r* *=* 0.467).

###### 

Correlations between mRNA expression of AhR, CYP1A1, AhRR, ARNT and IL-1β, IL-6, TNF-α, IL-4, IL-22 in sera.

![](cm9-133-148-g003)

Expression of AhR in skin lesions of AD
---------------------------------------

In normal skin, AhR was mainly expressed at the basal layer of epidermis \[Figure [3](#F3){ref-type="fig"}A\]. In AD patients; however, AhR was expressed mainly in the epidermis especially in granular layers \[Figure [3](#F3){ref-type="fig"}B and 3C\]. The AhR expression in epidermis of AD patients was significantly higher than that of controls (*t* = 10.036, *P* \< 0.001). AhR also expressed in endothelial cells of blood vessels and infiltrating inflammatory cells in AD which consist of mainly lymphocytes \[Figure [3](#F3){ref-type="fig"}B and 3C\].

![The immunohistochemical staining results of AhR antibodies in normal skin area of pigmented nevus surgeries excision and the skin lesions of AD patients (immunoperioxidase for AhR, A and B, original magnification ×40; C, original maginification ×200). (A) Expression of AhR in normal skin was mainly distributed at the basal layer of epidermis. (B and C) AhR mainly expressed in endothelial cells of blood vessels and infiltrating inflammatory cells of AD patients in dermis. The mean absorbance of epidermis in AD group was 0.191 ± 0.041 compared with 0.087 ± 0.017 in controls (*t* = 10.036, *P* \< 0.001). No statistical significance was found in mean absorbance of dermis. AD: Atopic dermatitis; AhR: Aryl hydrocarbon receptor.](cm9-133-148-g004){#F3}

Discussion
==========

AhR (also known as dioxin-receptor) is a proteic ligand-activated transcription factor expressed in many cell types. It is a member of the helix-loop-helix-PER-ARNT-SIM (bHLH-PAS) family of transcription factors known for mediating the toxic effects of environmental contaminants such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and a range of other xenobiotic substances.^\[[@R7]\]^ In addition to the regulation of xenobiotic metabolism, several alternative functions have been characterized such as cell cycle regulation, cell migration, hematopoiesis, vascular development, and lymphocyte differentiation.^\[[@R8]\]^

Canonical and non-canonical signaling pathways activated by AhR have been identified and canonical pathways were more common.^\[[@R9]\]^ When inactive, AhR is trapped in a cytosolic multiprotein complex (interactions with several chaperone proteins, including heat shock proteins 90, aryl hydrocarbon receptor interacting protein, and putative 23,000 Da protein). Various ligands such as dioxine, flavonoids, tryptophan photoproducts can activate AhR to translocate into the nucleus, where it is released from the complex and dimerizes with a partner molecule to form a transcription factor.^\[[@R10]\]^ The first AhR dimerization partner discovered was the ARNT. The binding of ligand/AhR/ARNT complex to specific DNA recognition site, namely xenobiotic-responsive element (XRE), induces the transcription of genes encoding xenobiotic metabolism enzymes such as CYP1A1 and CYP1B1.^\[[@R11]\]^ CYP1A1 was the most well-known downstream regulator of AhR, the function of CYP1A1 activation deal mostly with hydrocarbon detoxication.^\[[@R12]\]^ Another key target gene activated in the AhR genomic pathway is the AhRR. It allows the binding of corepressors which are involved in a negative regulatory loop for AhR. AhRR, thus, is able to modulate the transcription of AhR-dependent genes. The expression of AhRR is regulated by *XRE* gene and enhanced upon the AhR ligand activation.^\[[@R13]\]^

It has been reported that AhR signaling is involved in the pathogenesis of inflammatory skin disease such as AD, psoriasis, and vitiligo. Recently, studies have demonstrated that the activation of AhR could be beneficial in inflammatory skin diseases.^\[[@R14]\]^ Therefore, AhR is increasingly considered an attractive therapeutic target. For example, coal tar, an AhR agonist, has been proven to restore filaggrin expression and counteract Th2 cytokine-mediated downregulation of skin barrier proteins in topical use.^\[[@R15]\]^ Benvitimod is another natural AhR agonist which can alleviate skin inflammation in both mice and human.^\[[@R16]\]^ However, the functions of AhR are still unclear and contradictory. The altered balance of the receptor is poorly understood. In healthy skin, AhR signaling pathways driven by endogenous ligands can regulate keratinocyte differentiation and skin barrier function, which can significantly reduce skin inflammation.^\[[@R17]\]^ On the other hand, in xenobiotic AhR ligand-exposed skin, canonical signaling may be dominant and lead to a set of adverse effects characterized by impairment of epidermal barrier, release of cytokines, oxidative stress, and cancer promotion. Kim *et al*^\[[@R18]\]^ reported that the expression of AhR mRNA was increased in skin lesions of patients with psoriasis. Besides that, AhR and ARNT were found to colocalize in the nuclei of keratinocytes at the lower epidermis in psoriatic lesions, which suggested activation of the AhR pathway in psoriasis. In this study, we found increased levels of AhR, AhRR, CYP1A1, and ARNT in PBMCs, sera, and lesional skin of AD patients and AhR mRNA expression in PBMCs positively correlated with disease severity. This study provided new evidences that AhR signal pathway was involved in pathogenesis of AD.

AhR has been recently recognized as modulating expression of various cytokines and chemokines including IL-1β, IL-6, IL-10, IL-22, and TNF-α. Some of these cytokines were regulated by the canonical AhR signaling cascade, involving activation of XREs.^\[[@R19]\]^ The cytokines expression was regulated by direct AhR-mediated gene transcription or, alternatively, through indirect AhR-related regulation of the cell types secreting cytokines/chemokines.^\[[@R20]\]^ However, AhR can also act as an anti-inflammatory factor in some physiological or pathological situations. In our research, we found positive correlation between the mRNA levels of AhR and serum IL-6 in AD patients. Recent studies have found similar results. Kim *et al*^\[[@R18]\]^ reported that AhR endogenous ligands such as TCDD can suppress IL-6 secretion in a dose-dependent manner in normal human epidermal keratinocytes. However, IL-6 regulation in response to AhR ligands appears to be complex and it depends on cell types and cellular inflammatory environment. We also found that the mRNA levels of AhRR positively correlated with IL-1β. However, the explicit association between AhRR and IL-1β remains unknown. Further studies are still needed.

Our results added new insight into the pathophysiology of AD. Increased expression of AhR and its downstream regulators in AD and its association with disease severity suggest that AhR signaling pathways play an important role in pathogenesis of AD.
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